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FLIGHT DATA IDENTIFICATION OF SIX DEGREE-OF-FREEDOM 
STABILITY AND CONTROL DERIVATIVES OF A LARGE "CRANE" 
TYPE HELICOPTER 
Robert L. Tomaine 
Langley D i r e c t o r a t e ,  U.S. Army Ai r  Mobi l i ty  R&D Laboratory 
SUMElARY 
An advanced parameter i d e n t i f i c a t i o n  process  w a s  used t o  i d e n t i f y  
s i x  degree-of-freedom r i g i d  body s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  from 
f l i g h t  t e s t  measurements f o r  a  l a r g e  "crane" type h e l i c o p t e r .  Data was 
processed f o r  a  range of a i r s p e e d s  and f o r  p u l s e ,  s t e p  and double t  c o n t r o l  
inputs .  The s e n s i t i v i t y  of t h e  i d e n t i f i c a t i o n  r e s u l t s  t o  process ing 
parameters was inves t iga ted .  The a c c e p t a b i l i t y  of t h e  i d e n t i f i e d  d e r i -  
v a t i v e s  was examined us ing d a t a  r egeqera t ion  and s imula t ion ,  comparison 
with d n a l y t i c a l  r e s u l t s  and us ing engineer ing judgment. 
The i d e n t i f i e d  major d e r i v a t i v e s  agreed reasonably w e l l  wi th  a n a l y t i c a l  
r e s u l t s  and i n t u i t i v e  engineer ing a n a l y s i s .  The non-major d e r i v a t i v e s  
i d e n t i f i e d  were incons i s t en t .  The double t  inpu t  d a t a  provided s u p e r i o r  
r e s u l t s  t o  t h e  s t e p  and pu l se  input  data .  
INTRODUCTION 
There a r e  s e v e r a l  e x i s t i n g  techniques f o r  determining va lues  of 
s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  f o r  a  f ixed  wing veh ic le .  They inc lude  
wind tunnel testing, semiempirical methods such as U.S.A.F. DATCOM and 
Royal Aeronautical Society Data Sheets, and flight-test identification 
methods (see Ref. 1). Wind tunnel testing can provide good estimates for 
static derivatives (e.g., functions of a and B) but has limitation for 
providing dynamic derivatives (e.g., associated with velocities or rates). 
Semiempirical methods which utilize aircraft geometry and aerodynamic 
characteristics have been used to provide preliminary design derivative 
values but are limited in accuracy and may not provide acceptable estimates 
for a new configuration. Semiempirical methods have not been developed 
ior helicopter configurations and the same fixed uing limitations for wind 
tunnel testing exists for helicopters in addition to requiring more 
sophisticated models and rotor dynamic scaling. The third method, while 
existing for many years, has not enjoyed large success in fixed ving 
application and has only recently been employed for helicopter application 
(see Ref. 2, 3, 4). The method of determining stability derivatives from 
flight-test measurements of vehicle and control states is commonly kno~n 
as "stability derivative extraction" and is a form of parameter identification. 
The general procedure for extracting stability derivatives from flight 
data is to form a small perturbation mathematical model of the aircraft 
equations of motion, provide measure9ents of the vehicle states, and solve 
for the coefficients in the aerodynamic portion of the model. In vector 
notation the governing sets of equations are: 
where contains the vehicle state variables, u the control system state 
variables, A contains the stability derivatives, and B contains the control 
derivatives. The procedure is to solve for the components of A and B given 
a 
measurements of X, z, and G. 
SYMBOLS 
Values are given in both SI and U.S. Customary Units. The measurements 
and calculations were made in U.S. Cu3tomary Units. 
A laterai cyclic control angle, deg. 1s 
A/ S indicated airspeed, m/sec (knots) 
1s longitudinal cyclic control angle, deg. 
f 
C digital filter cutoff frequency, hert? 
t digital filter termination frequency, hertz 
g acceleration due to gravity, m/sec2 (ft/sec2) 
G process noise gain matrix 
I AS indicated airspeed, m/sec (knots) 
I vehicle rolling moment of inertia, kg-n2 (slug-f t ) 
xx 
IXZ vehicle product of inertia, kg-m2 (slug-£ tz) 
I vehicle pitching moment of inertia, kg-m2 (slug-ft2) 
YY 
I vehicle yawing moment of inertia, kg-m2 (slug-£ t2) 
Z Z 
L total rolling moment, m-N (ft-lbs) 
M total pitching moment, m-N (ft-lbs) 
- 
n white gaussian measurement noise vector 
t o t a l  yawing moment, m-N ( f t - l b s )  
v e h i c l e  r o l l  rate, r a d l s e c  
s t a t e  v a r i a b l e  covar iance  matrix 
c r o s s  covar iance  mat r ix  
v e h i c l e  p i t c h  r a t e ,  r a d l s e c  
v e h i c l e  yaw r a t e ,  r a d l s e c  
X a x i s  v e l o c i t y  component, mlsec ( f  t / s e c )  
Y a x i s  v e l o c i t y  component, mlsec (f t I sec )  
Z a x i s  v e l o c i t y  component, mlsec ( f t l s e c )  
ze ro  mean whi te  gauss ian  process  n o i s e  
t o t a l  l o n g i t u d i n a l  f o r c e ,  N(1bs) 
s t a b i l i t y  d e r i v a t i v e  v e c t o r  
t o t a l  l a t e r a l  f o r c e ,  N ( l b s )  
t o t a l  v e r t i c a l  fo rce ,  N ( l b s )  
v e h i c l e  angle  of a t t a c k ,  rad.  
v e h i c l e  r o l l  any le ,  deg. 
v e h i c l e  s i d e s l i p  ang le ,  rad.  
v e h i c l e  p i t c h  a t t i t u d e ,  deg. 
v e h i c l e  yaw a t t i t u d e ,  deg. 
t a i l  r o t o r  c o l l e c t i v e  p i t c h  a t  b lade  r o o t ,  deg. 
main r o t o r  c o l l e c t i v e  p i t c h  a t  b lade  r o o t ,  deg. 
d e s i g n a t e s  c o n t r o l  inpu t  p e r t u r b a t i o n  
d e r i v a t i v e  u n c e r t a i n t y ,  d e r i v a t i v e  u n i t s  
d e r i v a t i v e  va r i ance ,  d e r i v a t i v e  u n i t s  squared 
Subscripts 
o Refers to initial trim condition. 
Superscripts 
au A dot refers to first derivative with respect to time (e.g., u = at, 
A bar refers to a vector quantity. 
Derivatives 
Derivatives are normalized by mass or inertia. Derivative units are 
determined by force or moment units divided by appropri-te state variable 
unit and ,mass or inertia, e.g. N l/sec. 
q ' 
ft - lbs ft slu 
= l/sec 
rad/sec - slug - ft2 lb sec 
Derivative Notation 
A shorthand derivative notation is used to simplify derivative expressions 
as illustrated by the following example: 
In addition, four derivatives contain inertial terms and are defined as 
follows : 
ax x = - -  aY , y . E +  vo, y = - - az 
q aq P 8~ r ar q aq 
u',, z = - + ug 
Symbols Used on Computer Plots 
THETA C O U  main rotor collective pitch angle, deg. 
THETA TAIL tail rotor collective pitch angle, deg. 
1 SIGMA derivative uncertainty (1 a), derivative units 
BACKGROUND 
As previously stated, extraction of stability derivatives from flight- 
test measurements for Fixed wing vehicles is not a new idea. Documented 
results (see Ref. 1) are found as early as 1925. Two of the predominant 
early methods were analog matching and leasc-squares curve-fitting tech- 
niques. Both methods have yielded some success in identifying primary 
derivatives and associated characteristic modes for uncoupled longitudinal 
or lateral-directional models. Applications of these early methods pro- 
vided a basis for development of advanced extraction techniques and have 
resulsed in the identification of several inherent problems associated with 
estimation of stability and control derivatives from applications of flight- 
test measurement techniques. Sone of these problems are associated with 
the assumptions necessary to establish a mathematical model of the vehicle 
and others are associated with the limitations and complications of in- 
fligbt measurement of state variables. The major problems involving the 
mathematical model are: (1) exclusion of terms which have non-negligible 
values, (2) lack of provisions for nonlinear aerodynamics, (3) exclusion 
of coupling (longitudinal and lateral-directional) effects, (4) accounting 
for random disturbances (wind gusts, etc.) and (5) lack of modeling higher 
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requi res  app l i ca t i on  of one of t h e  advanced methods o r  a t  l e a s t  a combina- 
t i o n  of high-quality da t a  f i l t e r s  combined with an eq1.-.tion e r r o r  method. 
Since t h e  he l icopter  s t a b i l i t y  de r iva t ive  i d e n t i f i c a t i o n  problem om- 
bines a l l  of t he  previously mentioned problems, ex i s t i ng  f ixed wing 
analyses a r e  not  general ly  applicable.  A parameter i d e n t i f i c a t i o n  technique 
spec i f i ca l l y  designed f o r  he l icopter  appl ica t ion  (Ref. 2) has been appl ied 
t o  f l i g h t  t e s t  da ta  from a l a rge  "crane" type, a r t i cu l a t ed  ro to r  he l icopter .  
The method chosen, a s  described i n  Figure 1, cons is t  of e s s e n t i a l l y  four 
prccesses. F l igh t  measured s t a t e  var iab les  a r e  d i g i t a l l y  f i l t e r e d  using 
a Grahan high-quality,  zero phase s h i f t  f i l t e r  (see Ref. 5) with a 
very high rol l -off  ra te .  The purpose of the  d i g i t a l  f i l t e r  i s  t o  r e t a i n  
only r i g i d  body frzquency data .  The d i g i t a l  f i l t e r e d  da ta  is then pro- 
cessed twice through a Kalman f i l t e r ,  f i r s t  t o  es t imate  measurement b iases  
i n  the  measured da ta  s e t ,  and then t o  account fo r  random discrepancies  of 
re1a:ed measurements and general ly  improve the  qua l i t y  of the  data .  The 
Kaitca:. f i l t e r  can a l s o  reproduce s t a t e s  f o r  which da ta  i s  not  ava i lab le ,  
provided r e l a t ed  da ta  is avai lable .  The Kalman f i l t e r e d  da ta  is  then used 
i n  a l e a s t  squares algorithm t o  provide i n i t i a l  der iva t ive  and var iance 
estimates fo r  i n i t i a l i z i n g  the Extended Kalman f i l t e r  (Bayesian Maximum 
Likelihood Estimator,  Ref. 2) algorithm for  parameter i d e n t i f i c a t i o n ,  The 
l e a s t  squares estimated variances a r e  known t o  be conservative (Ref. 6) 
and a r e  adjusted upward. The parameter i d e n t i f i c a t i o n  algorithm used 
determines t h e  most probable es t imates  of the  s t a t e  var iab le  and s t a b i l i t y  
der iva t ives  given the  measured data .  The parameters t o  be i den t i f i ed  
( s t a b i l i t y  der iva t ives )  along with the  a i r c r a f t  s t a t e s  a r e  combined t o  
, I 
. 
L 
. . 
form an augmented s t a t e ;  the r e su l t i ng  s t a t e  equation is nonlinear and 
&- ! 
I 
an Extended Kalman f i l t e r  is used t o  'approximate an optimal nonlinear 
f i l t e r .  The r e su l t i ng  system equations are:  
where i represents  the maneuver number, represents  the  s t a b i l i t y  deriva- 
P 
t i v e  vector,  G is the process noise given matrix and is zero mean white 
g a u s s i ~ n  process noise.  The measurement equations can be represented by: 
- 
z i = x  + n  i i' where ; i s  white ga* ss ian measurement noise and 2 the 
measured s t a t e  var iable .  The est imates  f o r  the s t a t e  var iab le  and s t a b i l i t y  
der ivat ives  a r e  obtained from the  following f i l t e r  equations: 
where P and P are  che s t a t e  var iab le  covariance matrix and the  crcs? 
I I. p; 
covariance matrix fc r  the s t a t e  and parameter vector  and R is the measure-- 
ment noise i n t ens i ty  matrix (see Ref. 2 ) .  The algorithm is programmed so 
tha t  severa l  data  s e t s  (maneuvers) can be processed simultaneously t o  
minimize the e f f e c t  of process noise. 
The valit'ity of the ident i f ied  der iva t ives  is then evaluated using 
severa l  procedures. The iden t i f i ed  der iva t ives  a r e  combined with the 
chosen math model and s t a t e  var iab le  time h i s t o r l e s  a r e  generated using 
the control inputs from the identification flight data (regenerated data). 
The Root Mean Square (RMS) error between the filtered flight data and the 
regenerated data is then computed. Time histories are also simulated 
using the identified derivatives and flight data control inputs not used 
in the identification process (simulated data) and RMS errors are calcu- 
lated between the flight data and simulated data. The Extended Kalman filter 
algorithm estimates the derivative uncertainty (1 a) for each derivative 
estimate. The relative magnitudes of the estimated uncertainty and the 
time history of the uncertainty can be used to judge the results of the 
derivative identification process. In addition, the derivatives and 
chosen model are used to compute the vehicle characteristic modes (e.g. 
eigenvalues). Comparison of the computed eigenvalues and the identified 
derivatives are made with available analytical results and engineering 
judgment is used to assess the acceptability of the id. ltified derivatives. 
Since the algorithm used has the capability to simultaneously process 
several maneuvers, data including all four pilot inputs can be used and a 
coupled six degree-of-freedom model can be identified. The aerodynamic 
portion of the model contains thirty-six stability derivatives and twenty- 
four control derivatives. The stability derivatives are first order Taylor 
series expansions for aerodynamic forces and moments for u, v, w, p, q, 
and r. The control derivatives are first order terms of longitudinai 
cyclic, lateral cyclic, tail rotor collective pitch and main rotor col- 
lective pitch. The equations representing the chosen model are given in 
Figure 2. 
F'LIGHT DATA 
A f l i g h t  t e s t  of t h e  l a r g e  "crane" type,  a r t i c u l a t e d  r o t o r  h e l i c o p t e r  
shown i n  Figure  3, was performed t o  g a t h e r  d a t a  f o r  a p p l i c a t i o n  of t h e  
s t a b i l i t y  d e r i v a t i v e  i d e n t i f i c a t i o n  method p rev ious ly  descr ibed.  The 
v e h i c l e  c h a r a c t e r i s t i c s  a r e  given i n  Table 1. The v e h i c l e  was instrumented 
t o  provide d a t a  f o r  a i r s p e e d ,  ang les  of a t :  ck and s i d e s l i p ,  v e h i c l e  
a t t i t u d e  (Euler  a n g l e s ) ,  r a t e s ,  l i n e a r  anu angular  a c c e l e r a t i o n s  and p i l o t  
c o n t r o l  inpu t s .  Data were sampled e ighty- three  t imes each second and 
recorded on magnetic tape.  The v e h i c l e  was flown ac a  nominal g r o s s  weight 
of 128998.5 (29,000 l b s )  wi th  c e n t e r  of g r a v i t y  a t  8.33m (328 inches ) .  
The t e s t  v a r i a b l e s  were a i r speed  and p i l o t  c o n t r o l  input  shape. The t e s t  
procedure requ i red  trimming t h e  v e n i c l e  a t  a  s e l e c t e d  a i r speed  and then 
independently apply s e q u e n t i a l  con t ro l  i n p u t s  of  l o n g i t u d i n a l  s t i c k ,  l a t e r a l  
s t i c k ,  pedal  movement and c o l l e c t i v e  s t i c k  displacement whi le  r e t u r n i n g  
the  v e h i c l e  t o  t r i m  between s u c f z s s i v e  c o n t r o l  inpu t s .  The matr ix  of t e s t  
runs  is shown i n  Tablz 11. 
RESULTS AND DISCCSFIOX 
Procedure V a r i a t i a n s  
Several  v a r i a t i o n s  t o  the genera l  i d e n t s f i c a t i o n  procedure descr ibed 
previously  were conducted i n  o rde r  t o  a s s e s s  d e r i v a t i v e  s e n s i t i v i t y  t o  the  
i d e n t i f i r a t l o -  process.  These included;  v a r i a t i o n  of the  d i g i t a l  f i l t e r  
cu to f f  and terminat ion f requenc ies ,  adjustment of the  l e l s l .  squares  e s t i -  
mated d e r i v a t i v e  va r i ances  and mod! f i c a t  ions  t o  t h e  I e a s t  so-. -rcis i n i t  iaJ 
d e r i v a t i v e  es t imates .  
D i g i t a l  F i l t e r  
The purpose o f  d i g i t a l l y  f i l t e r i n g  t h e  measured f i i g h t  d a t a  is t o  
remove high frequency d a t a  con ten t  to enhance r i g i d  body d e r i v a t i v e  i d e n t i -  
f i c a t i o n .  A previous a p p l i c a t i o n  of t h e  method employed i n  t h i s  s tudy  
t o  another  f l i g h t  veh ic le  (Ref. 2) was performed wi th  an a r b i t r a r y  d i g i t a l  
f i l t e r  cu tc f  f and terminat ion frequency. Ana ly t i ca l  p r e d i c t i o n s  ( see  Ref. 7) 
of t h e  r i g i d  body c h a r a c t e r i s t i c  mode f requencies  f o r  t h i s  v e h i c l e  are a l l  
less than 1 :rz. F l i g h t  d a t a  f o r  t h i s  s tudy  was d i g i t a l l y  f i l t e r e d  w i t h  
cu to f f  f requencies  of 1 hz,  2 hz,  3 hz, and 4 hz. The average R !  e r r o r  
betueen the  regenerated and f i l t e r e d  f l i g h t  d a t a ,  t h e  major d e r i v a t i v e  
es t imates  and u n c e r t a i n t i e s  were t abu la ted  and compared i n  o r d e r  t o  assess 
t h e  effect of  t h e  f i l t e r  frequency. The major d e r i v a t i v e  e s t i m a t e s  and 
assoc ia ted  u n c e r t a i n t i e s  are s h m  i n  Tables IV and V, r e spec t ive ly .  The 
average d e r i v a t i v e  uncer ta in ty  d i d  n o t  appreciably  change wi th  f i l t e r  
frequency, but  some major d e r i v a t i v e  va lues  change s u b s t a n t i a l l y .  A t  a 
cu to f f  freqcency of 4 hz t h e  major d e r i v a t i v e  estimates showed t h e  l a r g e s t  
v a r i a t i o n  i n d i c a t i n g , t h a t  more c o n s i s t e n t  r e s u l t s  would be  obta ined by 
processing d a t a  a t  lower than 4 hz cu to f f  freqr!.2il<ies. The d i g i t a l  f i l t e r  
cu tc f f  and terminat ion f reqaenc ies  chosen determine t h e  amount of high 
frequency r o t o r  e f f e c t s  present  i n  t h e  f i l t c r e d  s t a t e  v a r i a b l e s  and re- 
duces :ilc o v e r a l l  aeasurement n o i s e  content.  Figure  4 shows a time 
h i s t c r y  cf v e r t i c a l  a c c e l e r a t i o n  measurement t c  demonstrate t h e  e f f e c t  of 
the  f i l t e r  frequency on t h e  measured s t a t e  va r iab les .  The r e s u l t s  shown 
i n  Tables 111, IV and O i n d i c a t e  thac  t h e  presence of high frequency d a t a  
content d id  not  measureably degrade t h e  es t imat ion  process  below 4 hz 
d i g i t a l  f i l t e r  cutoff  frequency. 
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Least Squares Variance 
As previously stated the Extended Kalman filter algorithm used in 
this study requires estimates of initial derivative values and their vari- 
ances. The least squares algorithm provides the initial derivative esti- 
mates and an estimate of the derivative variances which is known to be 
conservative. Therefore, the normal procedure is to multiply all the 
least squares estimated variances by a multiplication factor. Data were 
processed for five Least Square Variance Factors (LSQVF) ranging from 
25 to 150. The RMS Errors between regenerated data and filtered data, 
major derivative estimates and uncertainties are tabulated in Tables VI 
through VIII, respectively. The RMS errors 2nd derivative uncertainties 
suggest a good value for LSQVF is 100. Several derivative estimates, 
including Z and Z , were very sensitive to the LSQVF. 
W 
'MR 
Initial Derivative kstimate 
The sensitivity of the derivative identification process to the initial 
derivative estimates vas also investigated. The least squares derivative 
estimates were increased by fifty per cent and processed through the Extended 
Kalnan filtering algorithm with a data set previously processed with the 
initial least square derivative estimates. The LSQVF for both runs was 100. 
The major derivative estimates for both data runs are shown in Table IS. 
Most of the final derivative estimates were within twenty-five per cent 
of the original final estimates. Several of the derivative estimates 
including the important derivative M showed a marked increase. However, 
w , 
the abso lu te  va lue  of N f o r  t h i s  case was small and would no t  i n d i c a t e  
W 
a major change i n  p red ic ted  v e h i c l e  s t a b i l i t y .  
P i l o t  Input  Shape 
F l i g h t  d a t a  was obta ined us ing t h r e e  p i l o t  inpu t  shapes. I h e  d a t a  
were processed i n  o r d e r  t o  determine i f  t h e r e  was any advantage i n  using 
a  p a r t i c u l a r  p i l o t  input  f o r  i d e n t i f i c a t i o n  among t h e  t h r e e  most common 
s t a b i l i t y  f l i g h t  test inputs .  This  a n a l y s i s  was n o t  an  attempt t o  
de te rn ine  an optimum inpu t  ( see  Ref. 8 and 9), b u t  was intended t o  pro- 
v ide  an  i n d i c a t i o n  of t h e  b e s t  d a t a  t o  be chosen from previous f l i g h t  
t e s t i n g  r e s u l t s .  The t h r e e  most common i n p u t s  used f o r  s t a b i l i t y  and con- 
t r o l  t e s t i n g  a r e  pu l se ,  s t e p  and doublet  inputs .  A t y p i c a l  input  of each 
type a s  used i n  t h i s  s tudy is shown i n  Figure 5. F l i g h t  d a t a  f o r  a  nominal 
60 KIAS case  f o r  each of the  input  shapes were processed,  and the  d e r i v a t i v e  
es t imates  and u n c e r t a i n t i e s  a r e  shown i n  Tables X and X I .  The R\:S e r r o r s  
f o r  regenerated and simulated d a t a  a r e  shorn i n  Table X I I .  The dcublet  
input  produced t h e  lowest  composite REiS e r r o r s  f o r  regenerat ion and simu- 
l a t i o n  of o t h e r  maneuvers. The d e r i v a t i v e  u n c e r t a i n t i e s  were not  a s t r o n g  
funct ion of input  shape. Examination of t h e  d e r i v a t i v e  va lues  shows t h a t  
t h e  p red ic ted  u n c e r t a i n t y  w a s  n o t  a  good i n d i c a t o r  of accuracy s i n c e  t h e  
d e r i v a t i v e s  es t imated from d a t a  using s t e p  i n p u t s  a r e  obviously i n  e r r o r ,  
y e t  t h e  p red ic ted  u n c e r t a i n t i e s  a r e  no t  high. For t h e  s t e p  input  run Z Q 
w a s  es t imated a t  -444.6 and Z AT 15.1s. Both of these  es t imates  a r e  
'TR 
very high i n  comparison t o  a l l  o t h e r  r e s u l t s .  c he doublet  inpu t  provides 
t he  bes t  r e s u l t s  of t h e  t h r ee  shapes processed. This  r e s u l t  is cons i s t en t  
with t he  i n t u i t i v e  reasoning t h a t  t he  doublet can provide good e x c i t a t i o n  
while keeping t h e  vehic le  response within t h e  l i n e a r  assumpticns of a 
small per turbat ion model. 
Airspeed Variat ions 
Data were obtained f o r  indicated airspeeds of 0 m/sec (hover), 51  m/sec 
(30 knots),  101 m/sec (60 knots) ,  and 152 m/sec (90 knots).  i 'ar ia t ions of  
the  major de r iva t ive  est imates  with airspeed a r e  shown i n  Table XIII. Also 
shown i n  Table XI11 a r e  der iva t ives  predicted by a d i g i t a l  f l i g h t  s inula-  
t i on  computer program (see Ref. 7) f o r  the  subjec t  veh ic le  at t he  same 
f l i g h t  conditions.  The de r iva t ive  values  agree f a i r l y  w e l l  with t he  
exceptions of L M and N and the  cont ro l  der iva t ives .  The va r i a t i on  
v' q' P ' 
of i den t i f i ed  der iva t ives  with increasing airspeed a l s o  corresponds f a i r l y  
wel l  with the  a n a l y t i - a 1  computer program r e s u l t s .  
F ina l  Data Se ts  
Data were processed f o r  the 101 mlsec (60 kncts)  f l i g h t  condition Tor 
pulse  and doublet inputs  u t i l i z i n g  the r e s u l t s  of t he  process s e n s i t i v i t y  
analysis .  The LSQVF was s e t  a t  100 and the  da ta  was d i g i t a l l y  f i l t e r e d  
a t  3 hz and 4 hz cutoff and termination frequencies,  respect ively.  The 
r e s u l t s  of t h i s  processing were analyzed using the  following methods: 
examination of der iva t ive  values  using engineering judgment and a n a l y t i c a l  
predict ions,  RMS e r r o r s  between regenerated da ta  and f i l t e r e d  f l i g h t  da ta  
ssed in the identification process, RMS errors between simulated date and 
filtered flight data not used in the identification process, examination 
of estimated derivative variances and conversion characteristics and com- 
.arisen of eigenvalues with analytical predictions. Since the rotor 
degrees-of-freedom are not modeled the estimated derivatives are a com- 
bination of the rigid body derivatives and average rotor contribution. 
Depending on the location of the rotor characteristic modes these deriva- 
tives may not be equal to the analytical quasi-static derivatives (see 
Sef. 10). This may be one cause for differences between the analytical 
and identified derivatives. Although engineering judgment cannot be used 
to assess the validity of each of the sixty derivative estimates, the 
zign and relative magnitudes of most of the major derivatives can be 
subjectiveiy analyzed. The major derivative estimates for a pulse and 
doublet control input are tabulated in Table XIV. From engineering experi- 
ence (Ref. 11 and 12) it is known that X should be negative since it is 
u 
s direct function of the negative of drag coefficient and should be small, 
Z should ': negative and of moderate value since it is a strong function 
W 
cf the negative of lift curve slope. M should be negative if the vehicle 
W 
has longitudinal static stability, but since the rotor is destabilizing 
M may be positive at low speeds until the horizontal tail becomes 
W 
effective. Y should be small and positive for an articulated rotor heli- 
copter a, - M should be negative since all helicopters are known to have 
9 
pit c 'i damping. N should be positive indicating directional static 
v 
:tability and Nr should be negative since yaw damping is present. L 
P 
shculd be negative and fairly large since the large rotor provides good 
r o l l  dampiw. For t he  s i g n  convention used the  major con t ro l  derava t ives  
should be  negative and Ne and LA should be  pos i t ive ,  
TR 1s 
with LA s u b s t a n t i a l l y  g rea t e r  than $ s ince  t he  same con t ro l  moment 
1s 1 S 
is ava i lab le  f o r  r o l l i n g  and pi tching while t he re  is a l a r g e  d i f fe rence  
i n  i ne r t i a s .  I n  addi t ion,  s i nce  t he  equations of motion f o r  t h i s  inves t i -  
gat ion include i n e r t i a l  e f f e c t s  i n  t he  der iva t ives  Y r  should be  approxi- 
mately equal t o  minus forward ve loc i ty  and Z should be approximately 
'I 
equal t o  forward veloci ty .  Examination of Table X I V  shows t h a t  t he  iden t i -  
f i e d  de r iva t ives  comply with a l l  t he  i n t u i t i v e  tests except MU, which 
should be pos i t i ve  fo r  both runs. Analyt ical ly  predicted der iva t ivc  
est imates  a r e  shown along with t he  c o ~ p l e t e  set of i d e n t i f i e d  d e r i  a t i v e s  
i n  Tables XLr and XVI. The major i d e n t i f i e d  der iva t ives  compare reasonably 
w e l l  wi th  t h e  a n a l y t i c a l  der iva t ives  but i n  general  p red ic t  lower damping 
der ivat ives .  I n  addi t ion,  the  a n a l y t i c a l  program p red i c t s  a pos i t i ve  
M 3s would be expected. The non-major de r iva t ive  values  a r e  not  in tu i -  
u 
t i v e l y  known and the  l a rge  va r i a t i on  i n  t h e i r  es t imates  between da ta  runs 
i nd i ca t e s  a poor capab i l i t y  t o  pred ic t  these  values. Table X V I I  p resen ts  
RMS e r r o r s  between regenerated da ta  and simulated da ta ,  a s  compared t o  
f i l t e r e d  f l i g h t  data.  Figures 6 and 7 contain t he  regenerated time 
h i s t o r i e s  f o r  pulse and doublet inputs ,  respect ively.  The simulated t i n e  
h i s t o r i e s  f o r  pulse input data  simulated by doublet input i d r n t i f i e d  
der iva t ives  and v i ce  versa  a r e  shown i n  Figure 8 and 9. The regenerated 
and simulated time h i s t o r i e s  a l l  d iverge as a funct ion of t i m e ,  t h i s  is 
due t o  t he  unstable  eigenvalues of t he  i d e n t i f i e d  vehic le  (see Ref. 2) 
combined with the  presence of process noise.  The time h i s to ry  e r r o r  
equation has the same eigenvalues as the identified vehicle and thus even 
if the derivative estimates are correct, the time histories will diverge. 
For the time histories generated in this study the regeneration and 
simulations were all forced to reinitialize at the filtered data values 
after each four seconds of flight data. As expected, the correlation 
between regenerated data and flight data used in the identification process 
is better than the correlation between simulated data and flight data not 
used in the identification process. The pulse input data estimates appear 
to be superior when examining only the regenerated results; however, the 
more stringent requirement of data simulation verifies the previous 
result that the doublet input provides the best identifiability. The 
derivative uncertainties (1 a) of the major derivatives are shown in Table 
XVIII for both data runs. Predicted uncertainties for both data runs are 
relatively small with the doublet input run having slightly lower uncertain- 
ties. The high uncertainty associated with M for the pulse run is con- 
u 
sistent with engineering experience that M should be positive. For the 
U 
doublet input run the uncertainty of M is very small and yet the estimate 
u 
fcr 11 was also negative. A low predicted uncertainty is therefore not 
U 
considered to be a sufficient condition for derivative estimate acceptance. 
However, the uncertainty can be useful in determining whether or not 
enough data has been processed for derivative convergence or if the con- 
trols have sufficiently excited the vehicle to allow identifiability of 
control derivatives. An examination of Figure 10 shows that the M estimate 
U 
would be in doubt due to its convergence characteristics as compared to 
the 2 estimate shown in the same figure. 
A comparison of  c h a r a c t e r i s t i c  equation so lu t ion  (eigenvalues) f o r  
the  i den t i f i ed  de r iva t ives  and a n a l y t i c a l  r e s u l t s  is shown i n  Figure 11. 
The a n a l y t i c a l  and i d e n t i f i e d  de r iva t ive  eigenvalues had similar r e s u l t s  
cons is t ing  of th ree  complex p a i r s  and two aperiodic  values.  The r e s u l t s  
~f  Figure 11 a r e  what would be expected from a c l a s s i c a l  f ixed wing 
vehic le  ana lys i s  with t h r ee  s t a b l e  complex p a i r s  and one s t a b l e  aper iodic  
moAe. Helicopters normally exh ib i t  an unstable  phugoid o s c i l l a t i o n .  The 
ideat'fied doublet input der iva t ives  provide the  expected he l icopter  
r e s u l t s  while t he  pulse  input  da ta  r e s u l t s  i n  two unstable  o s c i l l a t i o n s  
and the  ana ly t i ca l  program p red i c t s  a  s l i g h t l y  s t a b l e  aper iod ic  mode. 
CONCLUSIONS 
1. The d i g i t a l  f i l t e r  cutoff  and termination frequencies do not  have a  
major e f f e c t  on the de r iva t ive  i d e n t i f i c a t i o n  process used f o r  t h i s  study 
below frequences of 1 hz and 5 hz,  respect ively.  
2. The Least Squares Variance Factor (LSQVF) had an appreciable  e f f e c t  
on t he  der iva t ive  i d e n t i f i c a t i o n  r e su l t s .  
3. The major der iva t ives  i d e n t i f i e d  agreed f a i r l y  wel l  with a n a l y t i c a l  
predict ions and complied with engineering judgment with the  exception of n . 
u 
4. The predicted uncertainty was not  a  r e l i a b l e  method f o r  evaluat ing 
der iva t ive  acceptance but En examination of the time h i s to ry  of estimated 
uncertainty proved t o  be usefu l  i n  determining the  adequacy of da ta  con- 
t e n t  :or acceptable de r iva t ive  i den t i f i ca t i on .  
5. The de r iva t ive  process used i n  t h i s  invee t iga t ion  was f a i r l y  s e n s i t i v e  
t o  i n i t i a l  de r iva t ive  estimates.  
6.  The der iva t ive  process used did not produce cons is ten t  values f o r  non- 
major (off diagonal) der iva t ives .  
7. Fl igh t  da t a  regeneration using iden t i f i ed  der iva t ives  should be supple- 
mented by f l i g h t  da t a  s imulat ion when analyzing i d e n t i f i e d  de r iva t ive  
acceptance. 
8. Doublet cont ro l  inputs  provide a b e t t e r  da ta  s e t  f o r  i d e n t i f i c a t i o n  
than pulse  o r  s t e p  inputs.  
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TABLE I.- DESCRIPTUN OF TESi' VEHICLE 
Fusgelage: Gross Weight N(1bs) 128998. (29000. ) 
I ~ g - r n ~  (s lug-f t2)  39ifr5. 
XX 
(29329. ) 
i ~g-rnZ (s lug-f t2)  20364. (150198. ) 
W 
1 ~ 8 - m ~  (s lug-f t2)  
z z 
177611. (130999.) 
I ~ g - r n ~  ( s lug- f t2 )  
XZ 
-18168. (-13400.)* 
Length rn(ft) 21.41 (70.24) 
Main Rotor: Number of Blades 
Diameter rn, ( f t )  
A i r f o i l  
Chord cm ( i d  
T o t a l  Blade Area m2( f t2 )  
Disc Area m2 (f t 2 )  
S o l i d i t y  Rat io  
Blade Twist (deg) 
Shaf t  Ti l t -Longi tudinal  (deg) 
Shaf t  T i l t - L a t e r a l  (degj 
T a i l  Rotor: Number of Blades 
Diameter m(f t )  
A i r f o i l  
Chord cm(in) 
T o t a l  Blade Area m2 ( f t 2 )  
Disc Area m2( f t2 )  
S o l i d i t y  Ra t io  
Blade Twist (deg) 
22.02 (72.26) 
NACA 0010.91 
TABLE 1.- DESCRIPTION OF TEST VEHICLE 
(continued) 
Horizontal: Area m2 ( f  t2) 
Stabilizer 
Aspect Ratio 
Taper Ratio 
Incidence Angle (deg) 
Dihedral Angle (deg) 
Vertical: Area n2 ((f t2) 
Fin 
Aspect Ratio 
Taper Ratio 
Incidence Angle (deg) 
Dihedral Angle (deg) 
*Assumed zero for identification process. 
TABLE 11. - DATA RUN SUMMARY 
: Airspeed I Flight / Data Bun I I Control Input Shape I 
I 3 8 A  / 1 1 0 m/sec I Doublc t I 
i (hover*) i 
152 m/sec ! (90 Knots) 
101 mlsec 
(60 Knots) 
101 mlsec 
(60 Knots) 
51 mlsec 
(30 Knots) 
Doublet 
Pula* 
Step 
Doublet 
I 1 ~ 1  rnjsec I Doublet I (60Rnote) I 1 
i *Out of ground e f f ec t .  I 
A l l  1G Level Flight 
TABLE 111.- RECE1SERATION RHS ERRORS FOR 
FOUR DIGITAL FILTER FREQCENCIES 
I 1 I Attitudes -825 ' .768 1 1.370 1 .750 ! 
1 Velocities ! .234 -236 j .237 j .230 
! m/s (ft/s) ( .767)  j (.773) ( .777)  I ( . 754 )  : 
1 
! Angular Fates .752 -765 .840 
i 
.794 
(degls)  
: Linear Acc. .273  .276 .292 . .281 1 m/s2 (ft/sz) (. 695) ( .937)  ( .959) (. 922) 
TABLE IV,- DERIVATIVE VALUES FOR FOUR 
DIGITAL FILTER FREQUENCIES 
LSQVF = 100 
I I o~sitsl I i I i j Filter 112 2/7 ! 314 , 
TABLE V.- N O R  CERIVATIVE UNCERTAINTY FOR 
FOUR DIGITAL FILTER Y REQUEMCIEE 
Uncertainty f 
1 
TABLE VI.- REGENERATION R.W ERRORS FOR F I V E  VALljES OF LSQV 
--- - .--- - -  -- - - ---  
t 
I 
I--- - 
i 
25 f 5@ j 75 ! 100 i RMS 150 
---- - -  
--3 -. . A - -L ------ i I I 
Attitudes I (ded 
' Velocities 
! ( f  t /s )  
! 
Linear Acc. 1 (ftls 1 1.55 .973 1.697 
+-- . -  - -  ! 
I 
' AVG 
? m a U m ~  OF THE 
imAL PAGE 18 QCW 
TABUS VI1.- DERIVATIVE VALUES FOR FIVE VALUES OF LSQVF 
------ . .- 
i I I I 1 I loo I { LSQVF 25 1 50 150 I I i i 
TABLE VII1.- DERIVATIVE UNCERTAINTIES 
FOR FIVE VALUES OF LSQVF 
LSQVF 
Uncertainty X 
. . ' R C I D U C B ~  OE' 
, .:SNAL PAGE E3 PWB 
TABLE IX.- EFFECT OF INITIAL DERIVATIVE 
ESTIMATE ON IDENTIFIED DERIVATIVES 
-- - . . ---- -- - - 
Original Identified Derv. 
with 50% Increase % Identified 3erv. ia Initial Estimate Difference 
- .- - ---- --~- --  
- I  - X 1 -.095200 U i -. 11080 +16.4 M -. 000549 U .  -. 00044 i -19.9 
=v 
-. 003040 -. 00620 f 104.0 f 
Nv -. 006350 ' .03515 -18.9 
1 
zw 
-.224000 i 
! -. 87100 +289.0 i 
Mw -.000430 i .00150 +449.0 
I 
L -.607000 , -. 50400 i p -17.C 
! i h' 
P 
.200000 .30000 +5 -0 
! zq SO. 930000 105.6000Cl ! +30.5 I 
I F! -. 2 1 0 0 ~ ~  -. 16400 i 
-21.9 I ; q I I 
TABLE X.- XDEEjTXFXED DERIVATIVE VALUES FOR 
THREE CONTROL INPUT SHAPES 
Digital Filter = 112 LSQVF = 62.5 
Doublet 
- -- -- 
-.030200 -. 25560 -. 98500 
.a06027 -.00235 .00086 
I 
TABLE XI.- DERIVATIVE UNCERTAINTIES FOR 
THREE CONTROL INPUT SHAPES 
Uncertainty % 
- -- 
I 1nput 38A5 -1 38B4 1 --g. ----I 
Shape I Pulse Doub 1 e t 
-4 - --. - . . -. - - .- ---- 
I..' . 
TABLE XII.9 RMS REGENERATION AND SIMULATION 
ERROXS BOR THREE CONTROL INPUT 
S W E S  
Flight Identified 
Data \1 from - Derivatives 
I Input Shape 1 Pulse 38A-5 1 3841-6 1 Step 
R - Regeneration 
S - Simulation 
Digital Filter = 112 
LSQVF = 62.5 
38A-5 
Pulse 
6.20 
6.41 
4.50 
4.37 
4.67 
5.07 
15.10 
Att. 
Vel. 
Rates 
L. Acc. 
A. Acc. 
Avg . 
Att. 
38B-4 I Vel. i 14.78 
Rates 1 8.63 
L. Ace. ! 10.43 
A. Acc. 9.22 
Avg . 11.34 
Att. 13.94 
38A-6 Vel . : 9.04 
1.260 
1.858 
1.170 
1.974 
1.940 
1.628 
4.774 
10.23 , 6.075 j114.000 
A.Acc. 1 8.84 3.890 16.900 i 
: 11.14 6.260 j 62.000 1 
I 
4.910 
13.570 
6.840 
16.680 
3.750 
8.247 
12.860 
6.319 
2.641 
3.483 
2.766 
3.766 
8.740 
9.190 
4.170 
85.100 
11.810 
45. 370 
8.400 
29.390 
41.600-.- 1 
136.500 
29.500 
: 1 TABLE XII1.- EFFECT OF AIRSPEED ON DERIVATIVE VALUBS 
. ' 
t Airspeed (IAS) 
> .  
. I ' , Derirative 0 ./see 52 mlsec 101 mlsee 152 m/sec , (Hover) (30 Knots) (60 Knots) (90 Knots) ~ ----- - - 
0.07880 1 .242000 -.030200 .053600 
XU I -.01890 1 -.0260OO 0.046400 -.069900 -------- - I 
.00805 ' .004600 .000270 ,001400 
.00179 .001210 .000943 .001320 
~ -...-- --- 
I 
.000287 .001980 1 -. 005800 
-* 04610 1 -.028700 1 -.03490 
I ! 
6 N / -.00807 1 .00217 -.007180 . ,004020 
v j .04100 1 -03980 1 .033500 .026200 
i .12600 1 -.lo400 j -.374000 j .734000 
5 * 
: 'P 
1 Zw ; -.35900 i -.56400 ! -.800000 f -.949700 
i I. L 1 - - - - - -- - . I . I  ~ ---- 1 -.00249 1 .00295 -.001170 j -.004200 i Mw ; -.00154 -.00150 -. 001080 ' -. 000808 
I 1 ... . .- ..-. . . 
-,88000 , -. 48100 -. 769000 -. 361000 
-  --- , - . . - . . .- . - - - . .-- - . . . - 
I  
- - 1  
: -2.19500 -2.22400 -1.992000 
' 
-1.629000 j 
-.24600 -.29100 
I ! N -.117@00 : .008600 ( j P . 1.10400 -90200 -481000 -.001960 1 
, -__ __._. _ _ _. _. _ -- _ _ - -. - - - --  ---- 
-4.08000 29.30000 ' 87.860000 ,127.300000 ' 
1.35300 : 51.39500 100.650000 !150.020000 ; 
---- - - - -  -- ---- t - -  t- - . -- .I-.- i 
: ! M -. 15500 : -1.03000 -.239000 -.149000 ' 
* i ' q  -.42700 -. 41400 -.471000 -.518000 1 
- --- -- .-- - -- 
i i .41500 .32400 -1.740000 . -.134000 i 
- I 1 Lr .20400 .29400 .377000 ' .613000 ' 
I 
.07020 , -.35700 -. 861000 . -. 794000 i 
-. 36500 f -.47500 ' -. 664000 : -1.036000 
1 I 
/ -.03560 1 -SO2870 -.03033C i -.040800 j i 
-. 11240 ' -.110900 : -.I14600 I 
I I- f -?---- 
I LA 1 ,37500 j .18100 j .335000 ] .329000 ; 
.38100 .37700 i .375000 .382000 
- ~ -  
.057300 1 .- - - - - -. --- .074700 ,09910 .lo090 ,122600 .14 3000 . - - -. - --- -2.51000 -3.23000 -2.720000 -2.900000 OMR -5.64600 -5.49300 -6.494000 -7.615000 1 I
1st item identified derivative, 2nd item analytical estimates 
TABLE XIV.- W - "  7DmIFIED DERIVATIVES 
FOR PULSE AND DOUBLET INPUTS 
Digital r i l t e t  314 
LSQVF = 100 
A/S J 1  mlsec (60 Knots) 
I 
xu 
Mu 
L 
NV 
v 
Zw 
I 
Pulse Input i Doublet Input 
38A-5 388-4 
-. 090000 
-. 000293 
-. 005620 
-. 005330 
- .718000 
-1.23000 
-. 00321 
-.00750 
.00304 
---- 
-. 57500 
-. 33100 
.I1300 
101.10000 ! 
0. 72400 
----- - 
.01660 
-. 78800 
-------.. - 
-. 04400 
.23200 
.05800 
"-- ---- --- 
-2.86000 
- 
Mw I .001180 
I 
L i -.509000 
N~ .278000 
2 97.490600 
-. 144000 
I -1.350000 
-. 695000 
i 
M B  ! -. 037200 
' 1 S 
I 
.296000 
.070200 
.--.-.-- 
Om -3.1 30000 
TABLE 'N.- PULSE INPUT IDENTIFIED DERIVATIVES COMPARED 
TO ANALYTICAL ESTIMATES (C-81) 
Analytical Estimates are Listed Below ldenti. f e d  Derivatives,  Run 38A-5, 
LSQVF = 100, Digital Filter - 3 / 4 .  

A. Rates 4 
deg/s i 1.456 1.450 
. - 
Linear Xccel. -528 i .485 - 
- d s 2  ( f t / s i )  1 (1.733) (1.590) 
I 
. - --. i .-- - - . 
I I ; A. Accel. 
f deg/s2 j 3.418 i 2.137 
I 
R - Regenerated 
.; - Simulation 
TABLE XVI1I.- MAJOR CERIVATIVE UNCERTAINTIES 
FOR PULSE AND DOUBLET INPUTS 
Uncertainty f 
Derivative 
X 
I M" 
I = 
! xv 
v i 
Pulse 1 Doublet 
(38A-5) 
13.1 
129.0 
11.0 
(38B-4) 
2.7 
1.9 
8.4 
6.2 ' 6.0 I 
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Figure 4.- Effect of digital filter frequency on vertical 
acceleration measurement. 
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Figure 7 . -  Doublet input regenerated time histories.  
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Figure 8 . -  Pulse  input s imulated  time h i s t o r i e s .  
filtered flight data . . . . simulated responses 
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